Abstract SPIRou is a near-infrared (nIR) spectropolarimeter / velocimeter for the Canada-France-Hawaii Telescope (CFHT), that will focus on two forefront science topics, (i) the quest for habitable Earth-like planets around nearby M stars, and (ii) the study of low-mass star/planet formation in the presence of magnetic fields. SPIRou will also efficiently tackle many key programmes beyond these two main goals, from weather patterns on brown dwarfs to Solar-System planet and exoplanet atmospheres. SPIRou will cover a wide spectral domain in a single exposure (0.98-2.44 µm) at a resolving power of 70 K, yielding unpolarized and polarized spectra of low-mass stars with a 15% average throughput at a radial velocity (RV) precision of 1 m s −1 . It consists of a Cassegrain unit mounted at the Cassegrain focus of CFHT and featuring an achromatic polarimeter, coupled to a cryogenic spectrograph cooled down at 80 K through a fluoride fiber link. SPIRou is currently integrated at IRAP/OMP and will be mounted at CFHT in 2017 Q4 for a first light scheduled in late 2017. Science operation is predicted to begin in 2018 S2, allowing many fruitful synergies with major ground and space instruments such as the JWST, TESS, ALMA and later-on PLATO and the ELT.
Introduction
Detecting and characterizing exoplanets, especially Earth-like ones located at the right distance from their host stars to lie in the habitable zone (HZ, where liquid water can pool at the planet surface), stands as one of the most exciting areas of modern astronomy and comes as an obvious milestone in our quest to understand the emergence of life (Gaidos and Selsis 2007) . High-precision velocimetry, measuring RVs of stars and the periodic fluctuations that probe the presence of orbiting bodies, is currently the most reliable way to achieve this goal; in particular, velocimetry allows one to validate candidate planets detected with transit surveys (with, e.g., CoRoT, Kepler, TESS, and later-on PLATO), and to estimate the densities and study the bulk composition of the detected planets from their masses and radii (Lissauer et al. 2014) .
M dwarfs are key targets for this quest; beyond largely dominating the population of the solar neighborhood, they feature many low-mass planets (Dressing and Charbonneau 2015; Gaidos et al. 2016 ) and render HZ planets far easier to detect by shrinking the size of their HZs (thereby boosting RV wobbles and reducing orbital periods). Their monitoring with existing velocimeters like HARPS on the 3.6m ESO telescope (Rupprecht et al. 2004 ) is however tricky, especially for the coolest ones, given their intrinsic faintness at visible wavelengths, preventing a deep-enough exploration to detect significant samples of HZ Earth-like planets (Bonfils et al. 2013) . Moreover, M dwarfs are notorious for their magnetic activity, generating spurious RV signals (activity jitter) that can hamper planet detectability (Newton et al. 2016; Hébrard et al. 2016) .
Modeling the activity of M dwarfs and the underlying magnetic fields is thus crucial for filtering out the RV jitter and for maximizing the efficiency at detecting low-mass planets (Hébrard et al. 2016) . Magnetic fields of low-mass stars are also expected to have a major impact on the evolution of close-in planets (Strugarek et al. 2015) as well as on their habitability (Güdel et al. 2014; Vidotto et al. 2013) . Allowing one to detect and model large-scale fields of active stars, spectropolarimetry comes as the ideal complement to precision velocimetry, making it possible not only to maximise the efficiency of planet detection, but also to characterise the impact of magnetic activity on the habitability of the detected close-in planets.
Investigating star/planet formation comes as the logical complement to studying exoplanetary systems of M dwarfs. Magnetic fields are known to have a major impact at the early stages of the life of low-mass stars and their planets, as they form from collapsing dense pre-stellar cores that progressively flatten into large-scale magnetized accretion discs and eventually settle as young suns orbited by planetary systems (André et al. 2009 ). In this overall picture, the pre-main-sequence (PMS) phases, in which central protostars feed from surrounding planet-forming accretion discs, are crucial for our understanding of how worlds like our Solar System form. Following a phase where they massively accrete from their discs (as class-I protostars, aged 0.1-0.5 Myr) while still embedded in dust cocoons, newly formed protostars progressively grow bright enough to clear out their dust envelopes (at ages 0.5-10 Myr), becoming classical T-Tauri stars (cTTSs) when still accreting from their SPIRou: a nIR spectropolarimeter / velocimeter for the CFHT 3 planet-forming discs, then weak-line T-Tauri stars (wTTSs) once they have mostly exhausted their discs. These steps are key for benchmarking star/planet formation.
Spectropolarimetry is the ideal tool for constraining the large-scale field topologies of PMS stars and their accretion discs, and thereby quantitatively assess the impact of magnetic fields on star/planet formation. ESPaDOnS and Narval, the twin high-resolution spectropolarimeters respectively mounted on CFHT (Donati 2003; Donati et al. 2006 ) and on the 2m Télescope Bernard Lyot (TBL), already allowed to unveil for the first time magnetic topologies of PMS objects (Donati et al. 2005 Skelly et al. 2010; Donati et al. 2013 Donati et al. , 2014 and to detect the youngest known hot Jupiters (hJs) to date Yu et al. 2017, see Fig. 1 ), demonstrating that planet formation and planet-disc interaction are both quite efficient on timescales of less than 2 Myr. However, our knowledge of magnetic fields and planetary systems of PMS stars is still fragmentary, the intrinsic faintness of these objects in the visible drastically limiting their accessibility even to the most sensitive instruments.
SPIRou was designed to address these two forefront issues with unprecedented efficiency Artigau et al. 2014; Moutou et al. 2015) . By operating in the nIR (including the K band), it will offer maximum sensitivity to both M dwarfs and PMS stars. Moreover, by coupling spectropolarimetry with highprecision velocimetry, SPIRou will allow us to model magnetic activity and to filterout RV curves more accurately than previously possible, and thus to achieve major progress in our exploration of planetary systems of nearby M dwarfs and in our understanding of planetary formation at early stages of evolution. In particular, thanks to its widest nIR coverage among planet hunters coupled to its unique polarimetric and activity-filtering capabilities, SPIRou will be especially efficient at detecting and characterizing planets around late-M dwarfs whose high levels of magnetic activity are notorious.
We describe below in more detail the science programmes underlying these two prime goals, to which the SPIRou Legacy Survey (SLS) of about 500 CFHT nights will be dedicated, and mention the many other exciting programmes that SPIRou will be able to efficiently tackle thanks to its unique observational assets. We also provide a technical description of SPIRou, outline the expected performances on which our ambitious Legacy Survey relies, and summarize the overall project characteristics in terms of schedule, budget and manpower. We finally conclude with SPIRou-related prospects over the next decade.
Science with SPIRou
We detail below the two main science goals to which our SPIRou Legacy Survey is dedicated; we also mention a few additional programmes that SPIRou will be able to tackle, and the worldwide science consortium thanks to which SPIRou is coming to life.
JF Donati & the SPIRou team
The youngest known hot Jupiter discovered around the active young sun V830Tau flies in the inner magnetic web of its host star (blue/white lines for open/closed field) as observed with spectropolarimetry and reconstructed using tomographic techniques inspired from medical imaging Fig. 1 Artist view of the hot Jupiter recently detected around the wTTS V830 Tau, orbiting in the large-scale magnetic field of its host star. The field topology is reconstructed using tomographic imaging on a phase-resolved spectropolarimetric data set of V830 Tau ).
Planetary systems of nearby M dwarfs
Much interest has recently been focused on planets of M dwarfs (Bonfils et al. 2013; Muirhead et al. 2015) , with the conclusion that these stars host low-mass planets more frequently than Sun-like stars do (Dressing and Charbonneau 2015; Gaidos et al. 2016) . The recent discovery of a HZ planet around Proxima Cen (AngladaEscudé et al. 2016 , see also dedicated section in this book) further triggered the motivation to detect and study low-mass planets and planetary systems around nearby red dwarfs. The main goals are to reveal the planet occurrence frequencies and system architectures, to investigate how they depend on the masses of the host stars (and thus on the masses and properties of the parent protoplanetary disc), and ulSPIRou: a nIR spectropolarimeter / velocimeter for the CFHT 5 timately to better characterize the formation mechanism(s) that led to the observed distributions of planets and systems. Up to now, only a few such planets have been detected and characterized with RV observations, which required in particular focusing on the brightest M dwarfs as the only accessible targets for the few existing optical velocimeters capable of reaching a RV precision of 1 m s −1 . This is clearly insufficient to achieve a proper statistical study of rocky exoplanets and more generally of exoplanetary systems around M dwarfs. This constraint also drastically limits our chances of detecting transiting rocky planets in the HZs of the nearest stars, i.e., the only ones for which atmospheric characterization with the JWST will be possible .
Carrying out an exploration of nearby M dwarfs extensive enough to detect and characterize hundreds of low-mass planets and planetary systems, whose existence is known, mandatorily requires RV observations in the nIR domain, where these stars are brightest. This is what SPIRou aims at with the SLS, concentrating the effort in two main directions, (i) a systematic RV monitoring of a large sample of nearby M dwarfs (called the SLS Planet Search) and (ii) a RV follow-up of the most interesting transiting planet candidates to be uncovered by future photometric surveys (called the SLS Transit Follow-up). In both cases, SPIRou will be observing in spectropolarimetric mode to simultaneously monitor stellar activity, unambiguously identify the rotation period (with which activity is modulated) and reconstruct the parent large-scale magnetic field triggering the activity. This will enable to implement novel and efficient ways of filtering out the polluting effect of activity from RV curves (Hébrard et al. 2016) , and thus to boost the sensitivity of SPIRou to low-mass planets. This option will turn especially useful for late-M dwarfs, many of which are rather active as a result of their higher rotation rates (Newton et al. 2016 ) and show RV activity jitters of several m s −1 (Gomes da Silva et al. 2012; Hébrard et al. 2016) .
The immediate objective of the SLS Planet Search is to:
• identify at least 200 exoplanets with orbital periods ranging from 1 d to 1 yr around stars with masses spanning 0.08-0.5 M to derive accurate planet statistics as a function of stellar mass; • identify a few tens of HZ terrestrial planets orbiting nearby M dwarfs, thanks to which we will infer a better description of the different types of planets located in HZs; • identifying several tens of multi-planet systems for studying the architecture of exoplanetary systems and their dynamical evolution; • identifying a large population of close-in planets to investigate how they form and interact with the magnetospheres of their host stars.
Practically speaking, this implies carrying out a deep survey of at least 200 M dwarfs of different masses, with typically 100 visits per star (each yielding a spectrum with high-enough S/N to achieve 1 m s −1 RV precision). Monte Carlo simulations (see, e.g., 
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By detecting as much as ~30 super-Earths in the HZs of near will expand the currently known sample of such planets by magnitude. It will thus offer a yet unparalleled opportunity to ex Earth-like planets, and to reveal which of them are most com statistics on planets around M dwarfs, the SLS-PS will also provid planetary formation, and in particular on the sensitivity of pla conditions in protoplanetary discs and to the mass of the host sta The SLS-PS will also probe, for the first time in RV studies, sub-Earth-mass planets with orbital periods shorter than discovery of the KOI-961 system, with 3 Mars-sized planets in cl dwarf among the very small sample of late-M dwarfs in the Kep such worlds are likely to be very common (Muirhead et al Furthermore, the very tight orbits of these planets imply high pr order ~10%).
All planets detected with the SLS-PS, and especially HZ Ea photometrically monitored from the ground (e.g., with ExTrA) or CHEOPS), to determine which are transiting once their ephemeris well known. This task will be especially useful for detecting t orbital periods >20d, i.e., those located in the HZs of early-to m will have difficulties to detect given its operation mode on 27-d monitoring.
For all planets and planetary systems detected within the SL dynamical studies to test the stability of the Keplerian orbits and planets are locked in specific orbital resonances and whether dyn evolution. We will also study how close-in planets interact with their host stars to investigate which role these interactions play in the diversity of HZ Earth-like planets and planetary systems, and to reveal which of them are most common. With improved statistics on planets / systems around M dwarfs, our survey will constrain models of planetary formation, in particular regarding the sensitivity of planet formation to initial conditions in protoplanetary discs and to the mass of the host stars. The SLS will also probe the occurrence rate of sub-Earth-mass planets with orbital periods shorter than 10 d; the discovery of 3 Mars-sized planets in close orbits around a M5 dwarf within the very small sample of late-M dwarfs in the Kepler field indicates that such worlds are likely to be very common (Muirhead et al. 2012 ) in addition to being potentially fruitful targets to characterize, their very tight orbits implying high probabilities of transit. The goal is to invest 275 CFHT nights in the SLS Planet Search.
Regarding the SLS Transit Follow-up, the obvious goal is to use transiting planets as sensitive probes of their internal structures and atmospheres. Ground-based nIR spectroscopy is indeed essential to this quest, spectroscopy being mandatory to validate the planetary nature of the transiting candidate planets detected around M dwarfs through photometric monitoring, but also to measure their masses from their host stars' RV-curve amplitudes. Whereas Kepler showed that planets smaller than 4 R ⊕ are quite common, even in compact and coplanar multi-planet systems, it however failed to discover Earth twins close enough for further atmospheric characterization, or even to be validated and characterized through a RV follow-up. The goal of future photometric surveys is thus to detect planet candidates around brighter stars, with a specific emphasis on nearby M dwarfs.
Among them, TESS, to be launched in 2018 and predicted to detect about 300 super-Earths, is the most promising. By surveying the entire sky (with individual regions scrutinized on timescales of 27 d) and focussing on the brightest targets, TESS will monitor the light curves of more than 200,000 targets at a high temporal cadence, and 100× more at a slow cadence, during a nominal 2-yr mission. From Kepler statistics, TESS predicts the discovery of several hundreds of Earth-like and super-Earth planets, in addition to thousands of icy and gas giants, for stars brighter than I=12 (Sullivan et al. 2015) . Most super-Earth candidates that TESS will detect will orbit around M dwarfs, with less than 30% accessible to optical velocimeters. SPIRou will thus play an essential role in validating planet candidates and in measuring their masses (Santerne et al. 2013 ).
The goal is to carry out a RV follow-up of the 50 most interesting transiting planet candidates uncovered by future photometric surveys including TESS, for a total of 100 CFHT nights. Monte Carlo simulations indicate that SPIRou has the capacity to validate and characterize Earth-mass planets orbiting mid-M dwarfs, including those located in the HZs of their host stars on which SPIRou will concentrate (see Fig. 2 ).
As SPIRou will simultaneously secure spectropolarimetric and velocimetric data, it will allow us to model at the same time the large-scale magnetic topologies and the associated activity of the host stars, and thus to filter out the RV jitter from RV curves and enhance the sensitivity to low-mass planets (Hébrard et al. 2016) . Investigating how large-scale fields of M-dwarfs vary with stellar parameters (Morin et al. 2008 (Morin et al. , 2010 will unveil how dynamo processes behave in fully-convective bodies, and how such dynamo fields can either degrade or improve habitability depending on whether they anchor in the host stars or in their planets (Vidotto et al. 2013; Güdel et al. 2014) .
By providing a wide and homogeneous set of nIR spectra for all types of M dwarfs, the SLS exoplanet programmes will also give the opportunity to assess theoretical atmospheric models of cool and very cool stars in much more details than what is currently possible; in particular, it will make it possible to further constrain key physical processes occurring in the atmospheres of very-cool stars and affecting their thermal and convection patterns (Rajpurohit et al. 2013; Allard et al. 2013; Passegger et al. 2016) .
Magnetic fields and star/planet formation
Studying how Sun-like stars and their planetary systems form comes as an obvious complement to the direct observation of exoplanets in our quest to understand the emergence of life. The second main goal of SPIRou is thus to explore the impact of magnetic fields on star/planet formation, by detecting and characterizing magnetic fields of low-mass PMS stars and their inner accretion discs.
By controlling accretion, triggering outflows and jets, and producing intense X-rays, magnetic fields critically impact the physics of PMS stars (Baraffe and Chabrier 2010; Feiden 2016 ) and of their accretion discs (Shu et al. 2007) , and largely dictate their angular momentum evolution (Bouvier et al. 2007 ). In particular, magnetic fields are thought to couple accreting PMS stars with their discs; more specifically, fields carve magnetospheric gaps in the central disc regions and trigger funneled inflows & outflows from the inner discs, forcing the host stars to spin down (Romanova et al. 2004 (Romanova et al. , 2011 Zanni and Ferreira 2013; Davies et al. 2014) . Magnetic fields presumably affect planet formation as well (Johansen 2009 ), can stop or even reverse planet migration (Baruteau et al. 2014) , and may prevent close-in planets, including hJs (Lin et al. 1996; Romanova and Lovelace 2006) , from falling into their host stars.
The initial exploration carried out with the optical spectropolarimeters ESPaDOnS at CFHT and Narval at TBL revealed that TTSs host strong large-scale magnetic fields Donati et al. 2013 Donati et al. , 2014 of dynamo origin ) and whose topologies largely reflect the internal structures or the host stars . Intense fields were also unambiguously detected in the inner regions of an outbursting accretion disc (Donati et al. 2005 ). More recently, newborn close-in giant planets, including the youngest hJ known to date , see, e.g., Fig. 3 ), were discovered around PMS stars (David et al. 2016; Yu et al. 2017) , providing new evidence that planet-disc interactions plays a key role in planet formation and are likely to shape the early architecture of planetary systems. Despite this progress, our knowledge of magnetic topologies of low-mass PMS stars, and of their planet-forming accretion discs whenever relevant, is still fragmentary, and very few observational constraints are available to test models of star/planet formation.
Extending spectropolarimetric observations to the nIR domain is the most logical step forward. Low-mass PMS stars are indeed brighter in the nIR than in the optical, especially embedded class-I protostars, whereas the Zeeman effect is stronger at longer wavelengths. SPIRou thus has the potential to explore much larger samples of PMS stars than previously possible, and to vastly improve the statistical significance of our current results, in particular for embedded protostars and accretion discs for which very little information is available. To achieve this, we need to initiate a large survey aimed at thoroughly exploring how magnetic fields impact star/planet formation. This is the goal of the third SLS component, that we call the SLS Magnetic PMS star/planet survey.
In this aim, SPIRou will monitor 20 low-mass class-I protostars and 40 cTTSs with their accretion discs, as well as 80 wTTSs, selected in the 3 closest star forming regions (Tau/Aur, TW Hya and ρ Oph/Lupus). As the missing link between the youngest class-0 protostars whose fields are surveyed with ALMA / NOEMA at mm wavelengths (Maury et al. 2010 ) and the older cTTSs observed with optical instruments like ESPaDOnS, class-I protostars are key for fingerprinting the impact of magnetic fields on star/planet formation. Their reputedly strong fields (Johns-Krull et al. 2009 ), whose large-scale topologies are still unknown, will tell us how dynamos ) and magnetospheric accretion (Romanova et al. 2008; Zanni and Ferreira 2013; Blinova et al. 2016 ) behave when accretion is stronger and more episodic than in cTTSs, how large a magnetospheric gap these fields carve at disc centre, and how stars react to this process (Baraffe and Chabrier 2010; Feiden 2016) . The 40 cTTSs will be medium to strong accretors or very-low-mass stars for which very few spectropolarimetric observations exist so far, thanks to which we will sample the whole range of masses and accretion patterns (Cody et al. 2014; Sousa et al. 2016) . In both cases, SPIRou will have a chance to detect and characterize the magnetic fields of their inner discs, and to pin down at the same time the main disc properties (Carmona et al. 2013) .
By monitoring a sample of 80 wTTSs and building on the discovery of the youngest known hJs Yu et al. 2017 ), SPIRou will characterize the population of newborn close-in giant planets at early evolutionary stages, estimate their occurrence frequency and compare it with that of mature Sun-like stars, thereby implementing a novel way of fingerprinting planet formation and planet/disc interactions (Baruteau et al. 2014) . This survey will also logically complement that of accreting PMS stars; SPIRou will characterize the magnetic topologies of the observed wTTSs to complete the magnetic panorama of young Sun-like stars. More specifically, SPIRou will work out how large-scale fields change with mass and age, at ages similar to those of cTTSs but with no impact from accretion, and infer how these fields affect the AM evolution of wTTSs through strong winds and massive prominences, and what role they play in star/planet interactions (Strugarek et al. 2015; Vidotto and Donati 2017) .
The SPIRou Legacy Survey (SLS) and the synergy with major observatories
Completing the SLS requires a total of 500 CFHT nights over a timescale of 5 years. Whereas CFHT already agreed on investing 300 nights over 3 years for the SLS as a reward to the SPIRou consortium once SPIRou is installed on the telescope, the full SLS allocation of 500 nights is still pending for an official confirmation once SPIRou performances are validated in the lab.
By providing to the whole CFHT community a unique and homogeneous collection of nIR high-resolution spectra of M dwarfs and PMS stars that will be used for a wide range of various purposes, the SLS features an obvious Legacy dimension. We plan to further enhance it through a world-wide accessible data base including additional material such as stellar fundamental parameters, precise RVs, Zeeman signatures and abundances of the main telluric molecules.
All SLS programmes will exploit numerous synergies with major ground and space facilities like TESS and later-on PLATO for characterizing transiting planetary systems around M dwarfs, and the JWST for investigating planetary atmospheres. ALMA will nicely complement SLS observations by scrutinizing star/planet Figure 11 . Same as Fig. 8 but now using a planet+GP fit to the data (pink line), where the GP is modelling the activity jitter (cyan line) while the planet and GP parameters are determined using a MCMC simulation. Note how the GP succeeds at modelling the activity and its temporal evolution throughout the whole observing window, and not just for the two separate subsets. The rms dispersion of the residual RVs is 37 m s −1 .
summarized in Table 5 , with those derived in D16 (from our late 2015 data only) listed as well for an easy comparison.
SUMMARY & DISCUSSION
This paper reports the results of an extended spectropolarimetric run on the wTTS V830 Tau, carried out in the framework of the international MaTYSSE Large Programme, using ESPaDOnS on the CFHT, Narval on the TBL and GRACES/ESPaDOnS on Gemini-North, spanning from 2015 Nov 11 to Dec 22, then from 2016 Jan 14 to Feb 10, and complemented by contemporaneous photometric observations from the 1.25-m telescope at CrAO. This new study is an in-depth follow-up of a previous one, based only on the first part of this data set and focussed on the detection of the young close-in hJ orbiting V830 Tau in 4.93 d (D16), and of an older one that suspected the presence of V830 Tau b, but from too sparse a data set to firmly demonstrate the existence of the planet (D15).
Applying ZDI to our two new data subsets, we derived the surface brightness and magnetic maps of V830 Tau. Cool spots and warm plages are again present on V830 Tau, totalling 13% of the overall stellar surface for those to which ZDI is sensitive. The brightness maps from late 2015 and early 2016 are similar, except for differential rotation slightly shearing the photosphere of V830 Tau and for small local changes in the spot distribution, reflecting their temporal evolution on a timescale of only a few weeks. The magnetic maps of V830 Tau are also quite similar at both epochs and to that reconstructed from our previous data set (D15), featuring a mainly poloidal field whose dominant component is a 340 G dipole tilted at 22 • from the rotation axis. As for the brightness distribution, the magnetic field is also sheared by a weak surface differential rotation, and is evolving with time over the duration of our observing run.
We detected several flares of V830 Tau during the second part of our run, where one major event and a weaker precursor were strong enough to impact RVs at a level of about 0.3 km s −1 . In addition to generate intense emission in the usual spectral activity proxies including the Hα, Ca ii IRT and He i D 3 lines, these flares triggered large redshifts of the emission component, especially for the He i D 3 line whose redshift reaches up to 35 km s −1 with respect to the stellar rest frame, and 25 km s −1 with respect to the average line position in a quiet state. By analogy with the Sun and young active stars (e.g., Collier Cameron & Robinson 1989a,b), we propose that the flares we detect on V830 Tau relate to coronal mass ejections and reflect the presence of massive prominences in the magnetosphere of V830 Tau, likely confined by magnetic fields in the equatorial belt of closed-field loops encircling the star (see Fig. 6 ), and whose stability is perturbed by the photospheric shear stressing the field or by the hot Jupiter itself in the case of large magnetic MNRAS 000, 1-19 (2016) Fig. 3 Modelling the RV variations of the wTTSs V830 Tau with a Gaussian Process for the activity jitter and a 0.7 Jupiter mass planet in a close-in circular orbit. Raw, filtered and residual RVs are shown in the top, middle and bottom panels respectively. Observations are plotted as open symbols; the activity jitter and the planet RV signal are depicted as cyan lines in the top and middle panels respectively, whereas the combination of both is shown as a purple line in the top panel. The modelling unambiguously reveals the existence of a hJ despite its RV signal being 15× weaker than the activity jitter. The rms dispersion of the RV residuals is 37 m s −1 , i.e., close to the instrumental RV precision formation and protoplanetary discs of PMS stars beyond a few au's from the host stars, whereas VLA/VLBA and LOFAR will be key for studying star/planet interactions in newborn hJs (Bower et al. 2016; Vidotto and Donati 2017) .
Additional science goals
SPIRou will also tackle a large number of additional science programmes beyond the two main ones forming the SLS.
Studying weather patterns in the atmospheres of brown dwarfs is a particularly exciting option. These objects are known to exhibit photometric variations on short timescales (Artigau et al. 2009 ), attributed to the presence of atmospheric clouds rotating in and out of view, and subject to intrinsic variability. Using tomographic imaging applied to time-series of high-resolution spectra, one can recover surface maps of the cloud patterns (Crossfield et al. 2014 ) and potentially their temporal evolution as well. With its high sensitivity and large spectral domain, SPIRou will come as an ideal tool for carrying out such studies.
SPIRou is equally well suited for investigating the dynamics and chemistry of planetary atmospheres in our Solar System (Machado et al. , 2017 , and potentially of giant close-in exoplanet atmospheres as well, even when not transiting (Snellen et al. 2010; Brogi et al. 2012 ). Last but not least, SPIRou will also offer the opportunity of studying at high spectral resolution extremely metal-poor stars as relics of the early universe, providing us with precious clues about the chemical evolution and formation of the Milky Way (Reggiani et al. 2016 ).
The SPIRou science consortium
The SPIRou science consortium gathers over 100 scientists from more than 30 research institutes in 11 different countries. It includes in particular a strong French and Canadian core team, illustrating the fruitful collaboration built up over the last few decades of shared observing effort at CFHT. The consortium also involves scientists from more recent CFHT partners such as Brazil and Taiwan, as well as a small number of experts from non-CFHT countries, involved in the construction of SPIRou (e.g., Switzerland, Portugal) or bringing critical expertise to the analysis of the SLS data (e.g., UK).
The SPIRou spectropolarimeter / velocimeter
SPIRou is a direct heritage from previous successful instruments, namely HARPS at the 3.6-m ESO telescope (Pepe et al. 2003) and ESPaDOnS at CFHT (Donati 2003; Donati et al. 2006) , and whose overall characteristics are listed in Table 1 . In particular, SPIRou includes a cryogenic high-resolution spectrograph inspired from the evacuated spectrograph of the HARPS velocimeter, a Cassegrain unit derived from the ESPaDOnS spectropolarimeter, a fiber-feed evolved from those of ESPaDOnS and HARPS, and a calibration/RV reference unit mirroring that of HARPS (see Fig. 4 ). We describe these various technical units below in more details.
The Cassegrain unit and calibration tools
The Cassegrain unit consists of 3 modules mounted on top of each other and fixed at the Cassegrain focus of the telescope. A CAD view of the lower two modules is shown in Fig. 5 .
Donati
Part B2 NewW mandatorily requires access to the K band in addition to both ultra-high sensitivity and polarimetry. SP will also yield ultimate RV precision for M (in particular late-M) dwarfs thanks to both polarimetry (to out the activity jitter) and K band (almost doubling the RV information content, Delfosse et al 2013).
Innovative features: Technically speaking, SPIRou consists of a cryogenic high-resolution spectrog fiber-fed from a Cassegrain polarimetric unit mounted on the telescope (see Fig 1 for a CAD view) . T nimize risks on instrument performance, SPIRou was largely inspired by the validated designs of the successful ESPaDOnS spectropolarimeter and HARPS velocimeter. SPIRou nonetheless introduces mu innovative features, in particular super-achromatic ZnSe Fresnel rhombs in the polarimeter module o Cassegrain unit, highly-purified fluoride fibers, octagonal near-field fiber scramblers and a compact m mirror pupil slicer within the fiber link, and a tight thermal control at a few mK level in the cryogenic trograph. SPIRou and its reduction pipeline (including telluric subtraction, Artigau et al 2014) were op zed to limit the impact of instrumental effects to the RV error budget to ~0.7 m/s. The activity jitter, reaching a few m/s for M dwarfs at visible wavelengths (Bonfils et al 2013) and exceeding 1 km/s for a PMS stars (Donati et al 2015) , is expected to dominate this budget for most targets of interest to NewWo even in the nIR where this jitter is 2-3x smaller (Crockett et al 2012), offering SPIRou a prime role fo tering RV curves thanks to its combined velocimetric & spectropolarimetric capabilities. We plan a key upgrade for SPIRou within NewWorlds, consisting of a Laser Frequency Comb (LFC will boost the RV precision by improving the RV reference and reducing instrumental errors to <0.3 m/s will buy a plug-and-play LFC and add it to SPIRou for the needs of NewWorlds.
The SPIRou Legacy: SPIRou is an international project involving France, Canada, Hawaii, Brazil, Ta Switzerland and Portugal, that I lead as PI. Following a design phase that ended in May 2014, SPIR now being integrated in Toulouse and will be commissioned at CFHT in 2017. Toulouse manages the w project, is highly involved in the construction, and is in charge of the integration. The consolidated co SPIRou, including manpower (57 technical FTEs) is ~10 M€. Given the major resource investment t represents, SPIRou comes with an already-approved SPIRou Legacy Survey of 300+ nights focusse star / planet formation and exoplanets of M dwarfs, ideally paving the way for future follow-up program to be carried out with major ground and space facilities including JWST, ALMA, TESS and later the E-E
Exploring the fields & planets of PMS stars & M dwarfs : pushing SPIRou to its limits
To achieve a clear breakthrough in our understanding of how new worlds form, we will push SPIRou t ultimate performance that our science goals require in terms of sensitivity (to access enough PMS st nearby M dwarfs), RV precision (to detect low-mass HZ planets) and jitter filtering (developing new and coupling velocimetry with spectropolarimetry to achieve the best results). To succeed, NewWorlds exploit our intimate instrument knowledge and expertise in spectropolarimetry & modeling techniques benefit from the enhanced capabilities that our targeted SPIRou upgrade will bring.
More specifically, we will tackle the main questions outlined above (Q1-3) by:
(i) documenting how large-scale magnetic topologies of low-mass PMS stars, and their accretion whenever relevant, depend on the main stellar parameters, i.e., mass, age and accretion rate, inclu The upper Cassegrain module essentially serves as a mechanical interface with the telescope, ensuring that the instrument aperture is ideally placed with respect to the telescope focus. It also includes an option for feeding the instrument with a fully polarized beam, allowing one to achieve a complete polarimetric diagnostic of all optical components above the polarimeter, including those located above the entrance aperture (see below).
The middle Cassegrain module includes several facilities for either calibration or observation purposes. It first includes an atmospheric dispersion corrector (ADC) cancelling atmospheric refraction in the incoming beam (down to a precision better than 0.03 up to airmasses of 2.5). It also features a tip-tilt module (TTM) stabilizing the image of the star at the instrument aperture, enough to ensure that the entrance image averaged over the whole exposure (of at least 1 sec) is stable to better than 0.05 rms. This device works in conjunction with a SWIR viewing camera (sensitive to the J and H bands), looking at the instrument entrance aperture and sending back information to the TTM at a frequency of up to 50 Hz. The main goal of the TTM is to minimise shifts of the stellar image with respect to the entrance aperture, and the systematic RV errors that may result from these shifts. The final element of this module is a calibration wheel allowing one to inject light from the calibration unit (see below) into the instrument, and to polarize it linearly if need be.
The lower Cassegrain module first includes a focal reducer turning the f/8 incoming beam entering the 1.3 circular instrument aperture, into a f/4 beam with which optical fibers are fed with minimum Focal Ratio Degradation (FRD). This focal reducer is made of a doublet and a triplet working at infinite conjugate ratio, both optimized for the specific needs of SPIRou. The entrance aperture is located at the centre of a tilted mirror reflecting back to the SWIR viewing camera the incoming light that does not enter the instrument. This module also features an achromatic polarimeter located within the focal reducer, consisting of two 3/4-wave ZnSe dual Fresnel rhombs coupled to a Wollaston prism, splitting the incoming beam into 2 orthogonally polarised beams and feeding twin optical fibers. By tuning the orientation of the rhombs, one can measure the amount of either circular or linear polarisation in the incoming stellar light. By coating one of the internal reflection surfaces of each rhomb, we can ensure that the polarimetric analysis is achromatic to better than 0.5 • . Finally, this module includes a cold pupil stop located after the Wollaston prism, and blocking the thermal emission from the telescope to reduce the instrument thermal background in the reddest section of the spectral range. A more detailed account of the Cassegrain unit can be found in Parès et al. (2012) .
The Cassegrain unit can be fed from the calibration unit through the calibration wheel mentioned above. This calibration unit provides light from the various lamps needed to calibrate observed spectra. SPIRou uses a halogen lamp to collect flat field exposures (for tracking orders on the detector and correct for the spectral response of the instrument), a U/Ne hollow cathode for arc spectra (to obtain a very precise pixel to wavelength calibration), and an evacuated temperature-stabilised Fabry-Perot etalon featuring tens of thousands of sharp lines (to track the shape of the slit and monitor spectral drifts in the instrument). The calibration unit can also directly feed light into the cryogenic spectrograph through the RV reference fiber (see below), thanks to which instrumental drifts can be corrected down to a precision of better than a few 0.1 m s −1 . The calibration unit is described in more details in Boisse et al. (2016) .
The fiber link and pupil slicer
The fiber link includes two science fibers conveying the light from the twin orthogonally polarized beams coming out of the Cassegrain polarimeter into the cryogenic spectrograph. This item consists of a dual 35-m long 90-µm diameter circular fluoride fiber engineered by Le Verre Fluoré (LVF) from purified material, ensuring a throughput of at least 90% over the entire spectral range of SPIRou. The fiber link also includes a third shorter fiber, called the RV reference fiber, with which light from the calibration lamps can be fed directly into the spectrograph. A triple hermetic feedthrough is used to inject light from the three fibers within the spectrograph. Including transmission, FRD and connector losses, the fiber link provides an average transmission over the spectral range of 70%.
This fiber link also includes a pupil-slicer at spectrograph entrance to minimize injection losses without sacrificing the spectrograph resolving power. This pupil slicer is fed through three 1.4-m long segments of 90-µm-diameter octagonal fiber (also engineered by LVF) coming from the triple hermetic feedthrough. The combination of the circular and octagonal fibers ensures a scrambling of the near-field image between polarimeter output and spectrograph input of at least 1000.
The pupil slicer per se consists of two mirrors, one main collimator and a pupilslicing mirror located at the focus of the collimator and slicing the pupil into 4 equal 90 • sectors; the twelve individual images (4 images for each of the three fibers) formed after a second pass through the collimator are focused on a stack of twelve small mirrors ensuring that the pupils of all individual beams overlap into a square pupil once imaged onto the spectrograph grating (see Fig. 6 ). In addition of being extremely compact (a few cubic centimeters), this device has the advantage of simultaneously ensuring a high throughput (>90%), a high resolving power (>70,000) and sliced images with identical shapes and flux distributions (as opposed to more conventional image slicers for which slices often have different shapes), with the result of maximising image stability and thus RV precision. A more detailed account of the fiber link and pupil slicer can be found in Micheau et al. (2012) and Micheau et al. (2015) . The first test pupil slicer for SPIRou, built by Winlight, was recently delivered to IRAP / OMP (see Fig. 6 , bottom panel) and was shown to perform nominally. 
The cryogenic high-resolution spectrograph
The bench-mounted high-resolutionéchelle spectrograph follows a dual-pupil design inspired from ESPaDOnS and HARPS (see Fig. 7 ). In the first half of the optical path, starting from the pupil slicer at the spectrograph entrance, the f/8 beam goes to the main collimator (1200 mm focal length, yielding a 150 mm square pupil) before being cross-dispersed with a double-pass triple-prism train (featuring two ZnSe prisms and an Infrasil one, both of height 206 mm) and dispersed in the perpendicular direction with a R2échelle grating (of clear aperture 154 × 306 mm 2 , w/ 23.2 gr/mm) from Richardson-Lab; following a second pass on the collimator, the converging beam is reflected off the folding flat mirror and bounces back to the collimator. In the second half of the optical path, the cross-dispersedéchelle spectrum formed near the folding flat mirror is re-imaged onto a 4k×4k H4RG detector (15 µm pixels) following a third pass on the collimator and a final focussing through a fully-dioptric 5-lens camera (500 mm focal length, clear aperture 220 mm).
This design allows to record on the H4RG detector the entire spectral range of SPIRou (0.978-2.437 µm, 47 orders from #78 to #32) in a single exposure with no wavelength gaps between orders, at a spectral resolving power in excess of 70,000, and with an average velocity size of detector pixels of 2.28 km s −1 . The spectrograph profile in the spectral direction is dominated by the slicer profile (equivalent full width at half maximum 4 km s −1 ), with minor contributions from the detector pixels (1.8 km s −1 ) and from the optical point-spread-function (1.5 km s −1 ). This design also ensures a high total throughput of 45% detector included. For a more complete description of the spectrograph optical design, the reader is referred to Thibault et al. (2012) .
The whole spectrograph is enclosed in a cryogenic dewar (of external diameter 1.73 m and length 2.87 m) and mounted on an optical bench supported at three points by an hexapod system from an internal warm support frame. The spectrograph and optical bench are cooled down to 80 K and shielded by one active and three passive thermal screens, allowing one to stabilize the temperature of the bench and optics to within better than 2 mK. This thermal stability ensures in particular that the spectral drift at detector level is <0.7 m s −1 on timescales of one night. This drift can be monitored, and thus mostly corrected for, by recording the RV reference spectrum simultaneously with stellar spectra; in this case, the residual spectral drift at detector level is reduced to 0.25 m s −1 . Counting in all contributors to the RV error budget, SPIRou should achieve an RV precision of 1 m s −1 without the RV reference spectrum, and 0.75 m s −1 when using the simultaneous RV reference spectrum.
The design of the cryogenic dewar and its thermal performances are described in more details in Reshetov et al. (2012) . The spectrograph cryomechanics and cooling system was demonstrated to be capable of ensuring a 80 K environment on the optical bench, with a thermal stability better than 2 mK rms on a timescale of 24 hr.
Controlling the instrument
The overall instrument control is fairly standard, the most challenging aspects being the control of the TTM on the mechanical side, and that of the dewar thermal stability on the temperature side. More details can be found in Barrick et al. (2012) .
The data simulator and reduction pipeline A simulated raw SPIRou stellar frame is shown in Fig. 8 in a configuration where the RV reference is recorded simultaneously with the stellar spectra associated with the two orthogonal states of the selected polarisation. Thanks to the tilted slit and the multiple slices and following the principles of optimal extraction (Donati et al. 1997) , the SPIRou reduction pipeline is able to extract a spectrum with a velocity sampling of 1 km s −1 , i.e., 2.5× larger than the detector sampling of the original raw frame with no loss of information either in resolution or in signal to noise ratio. This ensures in particular that extracted spectra are sampled on a wavelength grid fine enough for high-precision velocimetry. More generally, tests on simulated data confirm that data reduction is compliant with all SPIRou science requirements. stellar spectra RV reference Fig. 8 Simulated raw SPIRou stellar frame, with a close up on the central part of orders #53 to #57. The two stellar spectra of each order correspond to the orthogonal states of the selected polarisation, whereas the third spectrum tracks the Fabry-Perot RV reference. All three spectra feature four identical slices.
Countdown to first light and science operation
SPIRou is currently being integrated in a clean room at IRAP/OMP in Toulouse, France (see Figs. 9 and 10). The spectrograph is now accurately aligned and almost in focus (see Fig. 11 ). The cryomechanics and its cooling system is found to perform optimally, with the thermal stability of the optical bench already proven to be significantly better than our drastic requirement of 2 mK rms over 24 hr (see Fig. 12 ).
Validation tests will be carried out until the final acceptance review, currently scheduled for 2017 September. Following packing and shipping, SPIRou will be installed at CFHT in 2017 November, with first light on the sky and technical commissioning planned for 2017 December onwards. Finally, science verification will take place in 2018 Q2 before initiating SLS observations, hopefully by 2018 Q3. Regular information on how integration progresses is available from the SPIRou website at URL spirou.irap.omp.eu. 
The SPIRou project team
The SPIRou project team gathers partners from 7 countries / corporations, and more specifically from: • France (IRAP/OMP in Toulouse in charge of the Cassegrain unit, the fiber link and slicer, the instrument integration and the overall project management, IPAG in Grenoble in charge of the optical design of the spectrograph, OHP/LAM in Marseille in charge of the calibration unit and of the reduction pipeline, plus technical inputs from LESIA in Paris); • Canada (UdeM/UL in Montréal and Québec City, in charge of the spectrograph camera and detector, and NRC-H in Victoria, in charge of the spectrograph cryomechanics); • CFHT (in charge of the overall instrument control);
• Taiwan (ASIAA in Taipei, in charge of the viewing camera and control of the TTM); • Brazil (LNA in Itajuba, participating to the tests of the SPIRou optical fibers); • Switzerland (Geneva Observatory, in charge of the RV reference module);
• Portugal (CAUP in Porto, participating to the construction of mechanical equipments for the instrument integration).
All partners are also participating to the funding of SPIRou (at respective levels of 2.0 MEuros for France, 0.12 MEuros for Brazil, 0.10 Meuros for Switzerland and Portugal, 0.07 MEuros for Taiwan, US$ 2.0 M for CFHT and 0.7 M for Canada) for a total construction cost of 4.8 MEuros (assuming a change rate of 0.9 Euro per US$). The work effort associated with the construction amounts to a total of 60 FTEs (35 for France, 15 for Canada, 3 for CFHT and Switzerland, 2 for Taiwan, 1 for Brazil and Portugal), implying a consolidated cost for the whole instrument of about 10 MEuros. 
Conclusions and prospects
SPIRou is a new-generation nIR spectropolarimeter / velocimeter for CFHT, currently in integration at IRAP/OMP, France. SPIRou covers a wide spectral nIR domain in a single exposure (0.98-2.44 µm) at a resolving power of 70 K, yielding unpolarized and polarized spectra of low-mass stars with a 15% average throughput at a radial velocity (RV) precision of 1 m s −1 . It consists of a Cassegrain unit mounted at the Cassegrain focus of CFHT and featuring an achromatic polarimeter, coupled via a fluoride fiber link to a cryogenic spectrograph cooled down at 80 K and thermally stable at 2 mK rms on a timescale of 24 hr. Following integration and validation, SPIRou will be mounted at CFHT by 2017 Q4 for a first light scheduled in late 2017; science operation is expected to start in 2018 S2.
SPIRou will focus on two main science topics, (i) the quest for habitable Earthlike planets around nearby M stars, and (ii) the study of low-mass star/planet for- mation in the presence of magnetic fields. The SPIRou Legacy Survey is planning to dedicate about 500 nights over 5 years for carrying out forefront programmes on these two topics, in conjunction with other major ground and space facilities such as TESS, the JWST, ALMA and later-on PLATO and the ELT. SPIRou will also efficiently tackle many more programmes beyond these two main goals, from weather patterns on brown dwarfs to Solar-System planet and exoplanet atmospheres.
In particular, we expect SPIRou to detect at least 200 new exoplanets around nearby M dwarfs, including 150 with masses smaller than 5 M ⊕ and 20 located in the HZs of their host stars. SPIRou also plans to carry out a RV follow-up of the 50 most interesting transiting planet candidates to be uncovered by future photometry surveys like TESS. Last but not least, SPIRou will achieve a thorough magnetic exploration of low-mass PMS stars to study how magnetic fields affect star/planet formation, and to assess how frequent hot Jupiters are at early stages of planetary formation and how critically they impact planetary system architectures.
A twin version of SPIRou for TBL at Pic du Midi, nicknamed SPIP (for SPIRou-Pyrénées), is already funded by Région Occitanie / Pyrénées-Méditerranée in France. The current plan is to start constructing SPIP in 2018 for an implementation at TBL in late 2020. Thanks to the 156 • longitude shift of TBL with respect to CFHT, SPIP will be able to play a key role for monitoring stars with a higher time cadence and a denser coverage of the rotation cycles of the observed stars and of the orbital cycles of the detected planets as demonstrated by our latest coordinated observations of star/planet formation with ESPaDOnS and Narval .
Last but not least, the feasibility of a SPIRou CubeSat working in parallel with SPIRou is also being studied. The goal of this CubeSat would be to achieve contin-uous photometric monitoring in the JH bands at a precision of better than 1 mmag, over periods of up to 3 months and simultaneously with our main SPIRou observations. Such complementary data would be quite useful to further characterize the activity of the host stars and to identify the transiting planets among all those that SPIRou will detect.
